An analytical simulation of coherent backscattering and synthetic imaging is reviewed. Conducting objects with an axial symmetry are used as examples to demonstrate the results of analytical backscattering and synthesis procedure. An interrogating radar waveform is simulated using the Hamming weighting function. The pulse repetition frequency is selected so as to avoid slant-range image ambiguity. Backscatterings from axially symmetric targets are formulated by using the diffraction coefficients in the plane containing symmetry axis. Target-backscattered pulses are coherently processed along the aspect angles of interrogation. Coherent data are then synthesized using the Woodward method to construct target images. Four examples of synthesized images demonstrate that adequate shape and size estimates can be made even with partial backscatterings. The totally analytical simulations on scattering and imaging constitute an economical tool to visualize scattering mechanisms of complex targets and to more effectively utilize synthetic-imaging capability.
I. INTRODUCTION AND SUMMARY HE USE of high-resolution radars was well-known by 1970
[ 71 to interrogate aerospace targets. A major function of these radars is to coherently process backscattering data and to construct the image of a target. However attempts to identify a target are often complicated because of the complexity of scattering mechanisms. One way to visualize the scattering mechanisms of a complex target is to analytically simulate the process of scattering and imaging. This paper reviews such an effort directed at the synthetic imaging of orbiting space objects [ 81.
Analytical expressions for space-object scatterings are difficult or impossible when the geometry and composition of objects cannot be -precisely described. We restrict our simulation of space-object scattering to those approximate solutions that were found to agree well with measured data. Particularly, axially symmetric targets with conducting surfaces are selected to approximate many artificial satellites that are orbit-stabilized toward the earth surface. Synthetic imagings are then performed using thecoherent backscattering generated analytically in the plane containing the axis of symmetry.
The imaging of targets without axial symmetry (as a logical extension to coherent backscatters in two orthogonal planes of a scattering target) is discussed in the concluding section of this paper. Useful applications other than the imaging of spaceborne targets are also discussed after the effectiveness of our analytical simulations is demonstrated. We begin this paper by a simple example illustrating a three-point target.
A COHERENT PROCESSING FOR SCATTERING CENTER RESOLUTION
A simple target is assumed to have three scattering points whose coordinates are fixed in the yz-plane (Fig. l(a) ) called the target plane. A high-resolution radar is assumed to have the y'z'-plane as the image plane. For our simulation purpose, the points are assigned with three scattering intensities: 1 at (y', z') = (1, 0) m, 2 at (0, 2), and 3 at (-2.0) m.
We also need to assume that the radar has a coherent proc-
The task of a coherent processor is to maintain all the backscattered signals in-phase or time-synchronized when the interrogating aspect angle y is varied. Processing details on pulse dispersion and compression for high-power high-resolution radars are referred to in some of the published
For the three-point target a set of backscattered coherent pulses (i.e., time-synchronized around an aspect angle) is shown in Fig. l(b) . The 32 traces with a 60-dB dynamic range are given for a range of aspect angles centered around y = 30'. Our waveform design (to be presented in the next section) enables us to ignore all the low-level ripples and to study only the two main pulses along each trace.
An often-asked question is: how many distinct targets are being interrogated? The coherently processed pulses would appear to reveal only two distinct targets. On the other hand the pulses around t = 0 are noticeably different from those around t = 13 ns. Still, scattering points 1 and 3 cannot be visually identified. To visually identify the three scattering points, a synthesis procedure can be performed to produce the result shown in Fig. l(c) where the relative intensities are displayed by shading and thresholding.
The effectiveness of image synthesis in target identification procedures is clear from this simple example.
The image is not a perfect display of the original target, for the scattering points are imaged into finite areas in the image plane. The imperfection is a direct result of the limited bandwidths available in all practical radars.
USE OF SHORT PULSES WITH LOW SIDELOBES FOR THE SLANT-RANGE RESOLUTION
Most practical radars are pulsed with limited bandwidths and modulated by carrier frequencies. A set of convenient choices for our simulation is the carrier frequency fo = 5667
MHz, and cutoff bandwidth 2fc = 500 MHz. The cutoff bandwidth of nearly ten percent of camer frequency is considered a broadband operation for most high-power radars.
The broader the bandwidth, the narrower the pulse width.
The cutoff pulse duration in Fig. 1 
The s ( t ) in (2) is the pulse envelope that is modulated by the carrier frequency. Backscattered pulses of actual radars are further modulated by propagation environment and target characteristics.
Usual outputs of these radars are in the form of modulated envelopes. Our example (Fig. l(b) ) shows that the envelopes are separated by the arrival times indicating the relative positions along the slant range.
Radar waveform designs are usually tailored according to the nature and environment of targets. To simplify our discussions, we shall not introduce random noises in the simulation environment, although some simulated singularities will be allowed to render useless some data generated at certain aspect angles.
We assume that our targets have a maximum slant-range length less than 9 m, and we let the length of the image plane be 2 0 = 9 m. As a result, the maximum allowable repetition frequency u,. Now that our interrogating pulses are selected as shown in (1) and (2), we consider next how the backscattered pulses are formulated for synthetic imaging.
IV. TARGET-SCATTERING DENSITY-THE OBJECT OF TARGET-IMAGE SYNTHESIS
The first example for an axially symmetric target is a closed conducting cylinder ( Fig. 2(a) ) 6 m in length and 3 m in diameter. As before, we let y be the aspect angle between the image coordiantes Cy'z'-plane) and the target coordinates Cyz-plane). The radar is interrogating the target with the waveform specified in (1 ) and (2).
Far-zone fields scattered by a target can be expressed as the Fourier transforms of scattering densities on the target. For the target under consideration, polarization effects [ 261 were found [81 to be negligibly small as far as images are concerned. We can thus let g b ' , z') be a positive-real function for the scattering density of interest, and drop the far-
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._ - The scattering-aperture integrations are over the entire image Plane of 2 0 in length (the slant range) and 2W in width (the cross range). The incremental aspect-angles p6 are referenced t o y in such a manner t o assure that the largest increment P6 + 1 radian in (3a) is a good approximation. We use 166 = 2.5' in this paper. Note that the weighted spectral density was given in (1 a). The complex scattering density as defined in (3b) is the object of our synthetic imaging.
The backscattered pulses corresponding to (3a) are
We note that the carrier-frequency modulation conveys no , information about the target and that only the pulse envelopes are of interest. Analytically the images constructed from timeand frequency-domain syntheses should be the same. Several synthesized examples [ 81 were used to demonstrate that they are indeed numerically the same.
The 32 traces of the backscattered pulse from our threepoint target (Fig.  l(b) ) were obtained by assigning to (3b) the scattering density using Dirac delta functions:
The synthesized image ( Fig. l(c) ) shows three finite areas instead of three points. They would be reduced to three points if and when a repetitively impulsed radar could be assumed.
The frequency-domain scattering density in (3b) for our cylinder target can be obtained [ 81 using the diffraction coefficients developed by Ufimtsev
His solutions are approximate but are in good agreement with measured data, especially for cylinders with diameteis larger than one wavelength. Backscattered pulses for the cylinder were obtained [8] for many aspect angles. A particular set centered around y = Oo is shown in Fig. 2(b) where the weak scatterings from the trailing wedges 3 and 4 can also be observed. The synthesized image (omitting the trailing wedges) is shown in Fig. 2(c) . Also shown is the image synthesized from backscatterings around y = 5' where the end of cylinder appears as two distinct scattering centers.
A quick comparison between the pulses around r = 0 in Fig. 1 and the pulses around t = -20 ns in Fig. 2 can be useful. The former is imaged into a cross-range aperture of two scattering centers separated by 3 m, while the latter is imaged into an almost uniform scattering density stretching 3 m in width.
V. CROSS-RANGE APERTURE SYNTHESIS BY THE WOODWARD METHOD
The frequency-domain backscattered data h a been formulated in (3a) as the Fourier integral of an unknown scattering density defined symbolically in (3b). After the backscatters of an unknown target are coherently processed, the last step in synthetic imaging is to determine G b ' , z'). One of the most useful methods in synthesis is the Woodward procedure [ 121 which permits wide sampling intervals and yields accurate results for large apertures. The procedure is to first represent the unknown density function by a Fourier series with undetermined coefficients. In our case 
where the image plane is restricted to 2W in width and 2 0 in depth. We set M = Q = 16 so that there are 33 X 33 elements (or pixels) to represent the scattering density of a target in ' a square image plane of 9 X 9 m2. The next step in the procedure is to substitute Gb', z ' ) into (3a) 
and
To solve for A,,, the B(nf,, p 6 ) may be evaluated at the zeros of the functions in (7b) and ( 7~) to give A m , = B(nfy = qc/4D, p 6 = mc/4fo W).
The undetermined coefficients in (6) are thus obtained by sampling the coherently backscattered spectrum B. When Cb: z') is obtained in this manner, the target image is said to have been synthesized from coherent backscattering data. The condition for avoiding cross-range ambiguity is 6 < Consider a somewhat more complex target (Fig. 3(a) ) consisting of five circular wedges. Its maximum length is 3 m, maximum diameter is 1 m, and the other geometry is drawn in direct proportion. Suppose this target is orbitstabilized with respect to the earth surface. A ground radar would be interrogating it with y near zero from its emerging horizon, y around 90' atthezenith,and y near 180' toward its receding horizon.
For our simulation we again use the first-order diffraction coefficients of circular wedges developed by Ufimtsev [ 1 11,
[ 131. The frequency-domain scattering patterns have been computed [ S I and are adequate for imaging purposes, although there are mathematical singularities at some aspect angles due to the first-order approximations. Improved solutions using higher order diffractions or special techniques [ 141, [ 151 are available to make scattering patterns in better agreement with measurements.
We purposely exclude the singularity data from imaging to demonstrate that the size and shape of targets can be adequately estimated even when backscattering data are incomplete.
The simulated backscattered pulses around y = 180' are shown in Fig. 3(b) to have four dispersed scattering centers (wedges 5, 6 , 9, and 10) crowded into an area of about 1 m2. interrogating within 7 = 180' _+ 2.5'. Because the target is somewhat small in terms of the resolution capability being simulated, the combined pulses for wedges 5 , 6 , 9, and 1 0 can only indicate that there are more than two scattering centers.
Indeed, even the imaged result in Fig. 3(c) cannot resolve clearly these wedges (the images of wedges 3 and 4 are relatively too weak). Singularities due to first-order diffraction coefficients occur at aspect angles 50°, 80°, IOO', and 160' of the simulated returns and are treated as shot noises [ 81. The effects of excluding backscatters from these aspect angles are to deprive our imaging effort of "complete" backscattering data. This situation is not uncommon in actual radar imaging where a complete backscattering is available only when targets can be controlled at will,
VI. ADEQUATE SIZE AND SHAPE ESTIMATES BY PARTIAL IMAGING
A superposition of images around 7 = O ' , 90°, and 180'
The concave wedges 7 and 8 are not "visible" by the radar is shown in Fig. 4(a) . When images from other aspect angles are added, a result of our complex target (maximum dimensions 3 X 1 m*)is shown in Fig. 4(b) to have a semblance of size and shape. However the sharpness of shape is lacking, and a precise estimate of size is difficult. In this sense the simulated resolution capability is less than adequate for the size and shape of this target. One way of improving the image quality is to design waveforms with higher resolution capabilities. In our simulation study we can enlarge the target to fit our simulated waveform. By increasing the same target twice in linear scales (maximum dimensions 6 X 2 m2), the same simulation procedure is followed to obtain an image as in Fig. 4(c) . Here the shape of target has been sharpened by discarding relatively low image-levels.
The size of target can be estimated from the image to be about 6.3 X 1.8 m2, based on the knowledge that the elemental areas for the image is 0.3 X 0.3 m' .
The blank spaces between wedges 1-3, 2-4, and 7-8 are caused by discarding weak images. Problems of this type can be corrected [ 81 by selective amplifications during numerical processing.
An example for amplifying weak scatterers is shown for our small target in Fig. 5 where the superposition for y = loo, 5S0, and 155' clearly indicates the possibility of filling the blank spaces when needed. This type of extra effort is not incorporated into the image of Fig. 4(c) .
In general, it is difficult to establish criteria for the adequacy of estimating sizes and shapes by radar.
As far as our simulations are concerned, the details provided thus far seem adequate to visualize the scattering mechanisms of axially symmetric objects.
We conclude our simulation examples by restating the basic criteria for avoiding the slant-range and cross-range ambiguities: the radar-pulse repetition frequency f, must be less than c/4D, and the aspect-angle-sampling increment 6 must be less than c/4f0W.
VII. CONCLUSION AND OBSERVATION
We have demonstrated a totally analytic procedure for simulating target scattering and for imaging axially symmetric targets. Although the same techniques have been used to image orbiting satellites from measured data, the emphasis of this paper has been t o visualize the first-order scattering mechanisms of complex targets.
The synthetic imaging from coherent backscattering is relatively simple for axially symmetric objects. For an object without axially symmetry, a three-dimensional image may be constructed from coherent data at multistatic
angles. An example of three-dimensional target imaging can be found in [16] .
In our simulations t o visualize the first-order scattering mechanisms, the analytical descriptions of complex-target scattering appear to be most difficult. In the past ten years a large number of articles has been published on diffraction techniques for radiation and scattering. However the diffraction techniques formulated before 1970 seem adequate for our synthetic imagings in size and shape estimations. The theory and technique used in this paper are derived from the physical theory of diffraction [ 131 and the wedge diffraction theory [ 171 based on the works of A. Sommerfeld and W. Pauli. The diffraction coefficients are used in this paper to represent the scattering surface discontinuities on a target. While they are approximate in nature, the images constructed from these diffraction coefficients are consistent with target geometry to within the resolution capability of the waveform used. Formulation details on using the diffraction coefficients have been omitted here. Should they be needed, some selective examples [ 181 -[ 231 in addition to those already cited may be consulted for the techniques used in this paper.
